Abstract The slow PIII response of the electroretinogram (ERG) was studied in the isolated, aspartate-treated bullfrog retina. The slow PIII response reflected mainly rod activity in its time course and spectral response curve, and the ratio of the peak amplitude of the fast PIII response to the slow one remained almost constant within a scotopic range when rhodopsin was kept at a constant concentration. Reducing Na+ or K+ concentration in the extracellular fluid or decreasing the rhodopsin content in the retina, however, caused different influences on the fast and slow PIII responses, and, in particular, the reduction in amplitude of the slow PIII response was more marked than that of the fast PIII response. Under these circumstances, the log of the amplitude of the slow PIII response was in linear proportion to the amplitude of the fast PIII response. In addition, the amplitude reduction of the fast PIII response was not accompanied by a decrease in peak latency but that of the slow PIII response was. An explanation on the production of the slow PIII response was attempted with reference to other results related to the slow PIII response, ionic mechanism of the electrical activity of photoreceptor cells and their Na-K pump activity.
which was called the "slow PIII" by FABER (1969) . It is generally accepted that the receptoral potential (fast PIII) of vertebrate retina is due to a decrease in membrane permeability to Na ion caused by light, which moves inward through the outer segment membrane by its own concentration gradient in darkness (SILLMAN et al., 1969) . According to FABER (1969) , the source of slow PIII response is located in the outer plexiform layer whereas its sink is distributed throughout the remaining retina. He has proposed the possibility that the slow PIII response is due to a hyperpolarization of the Muller cell membranes in consequence of an ionic change in the extracellular spaces produced by visual cell activity.
Recently, OAKLEY (1975) and OAKLEY and GREEN (1976) succeeded in measuring light-induced transient changes in [K+] o in the frog eye cup preparation by doublebarrel, potassium-specific microelectrodes and reported a slow decrease in [K+] 0 in the distal retina.
A previous report on the isolated frog retina (HANAWA and MATSUURA, 1975 ) described the response properties of the isolated PIII component as related to the decay of rhodopsin intermediates, and the PIII response developed over 90 min when rhodopsin was bleached to about 80 % of the original content. If the slow PIII response is a glial response due to a reduction of the driving force on K+ efflux from the visual cells as a passive by-product of the rod hyperpolarization caused by light (ZUCKERMAN, 1973; WITOKOVSKY et al., 1975) , the slow time course of the slow PIII response can be accounted for only by the change in the membrane potential of rods since the rod response following a strong light flash returned to baseline in less than 1 min (TOYODA et al., 1970; FAIN and DOWLING, 1973) . The present study was undertaken to establish the relation between the fast and slow responses, and to obtain ionic mechanism of the photoreceptor cell. This was done mainly on the effects of some common ions upon the generation of the fast and slow responses, and it confirmed that by reducing Na or K ion concentration in the extracellular fluid or decreasing the rhodopsin content in the retina, the slow PIII response is different in nature from the fast PIII response. Nihon Shinku) which ranged in wavelengths of peak transmission from 448 to 652 nm. A thermocouple (Jasco, RMA-8) was used for equalization in energy of all monochromatic light beams. In another experiment to investigate the effect of altering the rhodopsin content on the fast and slow responses, the isolated retina was placed inside the sample compartment of a Shimadzu multipurpose recording spectrophotometer (MPS 50L), similar to that described previously (HANAWA and MATSUURA, 1975) . By this technique it was possible to record both the absorption spectrum of rhodopsin and the PIII response.
METHODS
The bathing solution was Conway's solution containing 5 mm L-aspartate to isolate the PIII component of ERG; it was stirred throughout the experiments by a stream of gas mixture of 98 % 02 and 2 % CO2 (HANAWA and MATSUURA, 1975) . A constant pH of 7.8 was maintained in the bathing solution. Changing Na or K ion concentration in the bathing solution NaCl was partially replaced with choline chloride or KCl, respectively. Low Cl ion solution was prepared by adding sucrose after replacing NaCl by Na2SO4 to keep the constant tonicity of the solution. All the experimental solutions were prepared by mixing each concentrated stock solution before the experiment.
The PIII responses were monitored by two narrow agar bridges, that were made by 4 % agar containing 0.5 M NaCl, and connected through calomel half-cells to a push-pull DC-coupled preamplifier. Since the slow PIII response has a slower rise and fall times than that of the fast PIII response (FABER, 1969) 
RESULTS
The fast and slow PIII responses as a function of stimulus intensity Figure 2A and B show typical fast and slow PIII responses from the aspartatetreated retina to 0.1 sec flashes at 503 nm of various intensities, respectively. The intensity of the light stimulus is indicated on each trace by the log of the total density of neutral filters in the light pathway. Under these conditions, the a2-and b-wave completely disappeared as reported previously (HANAWA and TATE-ISHI, 1970) ; only the fast and slow PIII responses were elicited by photic stimuli. As the stimulus intensity was raised, both responses increased in amplitude, while the peak latency decreased in the fast PIII response and increased in the slow one. Figure 2C shows a plot of the peak amplitude of both responses as a function of the log of light intensity. The data points can be described by the equation (1 with results from carp retina (WITOKOYSKY et al., 1975) . In Fig. 3C , the ratios of the peak amplitude of both responses are plotted as a function of wavelength. At lower intensity, scotopic range, the values of the ratio are almost unchanged at all wavelengths tested as described in the preceding section. At higher intensity, photopic range, there was a linear increase in the ratio with increase of wavelength except for longer wavelengths. The maximum value was at 578 nm, though the slope varied with preparations. Amplitudes of both responses were expressed as a percentage of that in the normal Conway's solution (103.4 mM Na).
Effect of reduction in Na ions
Exposing both sides of the retina to a low Na+ solution, the amplitudes of the fast and slow PIII responses were gradually declined and reached new steadystate values within a period of about 10 min. Typical recordings of the fast and slow PIII responses at various Na+ concentrations are shown in Fig. 4A . The amplitude of both the fast and slow PIII responses was reduced as the Na+ concentration was decreased. It is interesting to note that the amplitude reduction of the former was not accompanied by a decrease in peak latency but that of the latter was. In addition, at lower Na+ concentration responses recorded on a chopper type penwriter displayed an initial transient wave, representing the fast response which became very prominent for the stimulus intensity of -2.0 log unit. Figure 4B shows the relation between the peak amplitude and Na+ concentration for the fast PIII response. The peak amplitude of all responses was expressed as a percentage of that in the normal Conway's solution containing 103.4 mm Na, and each observation was the mean of six preparations. The fast PIII response was almost in a linear function of the log of Na+ concentration in the bathing fluid as reported by SILLMAN et al. (1969) and WINKLER (1972) , but the slope varied slightly with stimulus intensity. This difference in slope suggests a possibility that the rod cells are more sensitive to changes in the Na+ concentration than the cone cells. On the slow response, however, the peak amplitude was in linear function with the extracellular Na+ concentration (Fig. 4C) , which means that the log of the amplitude of slow PIII response decreased in linear function with the amplitude of the fast response. Another interesting feature of the slow PIII response is that the slope obtained by the stimulus intensity of -4.0 log unit almost coincided with that of -2.0 log unit. This also strongly implies that only the rods may contribute to the slow PIII response.
Effect of K-free solution
It has been reported that the ERG of the isolated frog retina decreased in amplitude very slowly, falling to a half in about 60 min, when the retina was placed in K-free Ringer solution (HAMASAKI, 1963; WINKLER, 1974) . In this experiment, therefore, the decay of the PIII responses were tested at 15 min intervals after the applications of the test solution. The PIII response decreased in amplitude in very much the same manner as the ERG. Figure 5A shows typical recordings of the fast and slow PIII responses at 15 and 60 min. The changes in peak latency and amplitude of the fast and slow PIII responses were very similar to those observed with a reduction in Na ions. Both peak amplitudes of the fast and slow PIII responses were gradually declined with time, but the slow response displayed much stronger dependence on the K-free solution than that the fast response at the first 15 min. If the peak amplitude of responses were expressed as a percentage of that in the normal Conway's solution, the log of the slow PIII amplitude was in linear proportion to the amplitude of the fast PIII response (Fig. 5B) .
Effects of increasing K+ concentration and decreasing Cl-concentration Using much the same procedure as for the Na+ experiment, test solutions containing K ion in amounts of 11.7, 20.8 and 30.0 mm were used. The fast and slow responses were recorded after 15 min following the application of a test solution. As shown in Fig. 6 , amplitudes of both the fast and slow PIII responses were inversely proportional to the log of the external K+ concentration as reported by SILLMAN et al. (1969) . The amplitude of both responses was expressed as a percentage of that in the solution containing 2.5 mm K+ and each observation was the mean of five records. With replacement of up to 100 % of NaCl by Na2SO4, the fast and slow PIII responses showed no change in both the amplitude and shape.
Effect of changing rhodopsin content on fast and slow PIII response As described in the previous paper (HANAWA and MATSUURA, 1975) , the amplitude of PIII response is related both to the fraction of rhodopsin after partial bleaching and to the decay of rhodopsin intermediates. Therefore, it is of interest to investigate the effect of altering the rhodopsin content in the retina in terms of the relationship between amplitudes of the fast and slow PIII responses. Data from a single preparation are shown in Fig. 7 . To change the rhodopsin content, 15 and 30 sec exposure to a 500-W xenon white light were applied to an isolated retina successively through a fiberoptics, and they bleached 26.0 and 41.0 % of the original rhodopsin content, respectively. Within 30 min in the dark after the cessation of bleaching light, the rhodopsin intermediates (metarhodopsin II, metarhodopsin III and so on) formed by each exposure faded completely and the transretinal DC-potential shift returned to the original baseline. After that, the fast and slow PIII responses were recorded with the stimulus having an intensity of -4.0 log unit. Each response in (B) and (C) was observed before recording an absorption spectrum in (A) having the same number as the response. Curve 4 in (A) was a run made with the same retina after a complete bleach of rhodopsin by 15 min exposure to bleaching light. This figure makes it obvious that the amplitudes of both responses diminish as the rhodopsin content decreases. and H . ANDO When the peak amplitudes of both responses were expressed as a percentage of that in the initial dark-adapted retina , the amplitude of fast PIII response changed in linear proportion with the log of the amplitude of the slow PIII response (Fig. 8) . (HELLER et al., 1970 (HELLER et al., , 1971 ).
